Wave reflection during the systole increases left ventricular (LV) pressure, tension-time index (TTI) and myocardial oxygen requirement. The purpose of this study was to extract that component of extra myocardial oxygen requirement that is due to early systolic wave reflection, define it as wasted effort (ΔE w ), and examine its relationship to LV hypertrophy (LVH).
The amount of energy expended by the heart per beat, as measured by its oxygen consumption or CO 2 output, has been shown to be proportional to the pressure developed: hence the amount of energy which the heart has to expend per beat, other things being equal, varies … with the elasticity of the arterial system. Bramwell and Hill, 1922 1 Characteristic changes in left ventricular (LV) and aortic pressure waveforms in hypertension are due primarily to late-systolic augmentation. 2, 3 These changes are attributable to early return of reflected waves from the peripheral vasculature. 2, 3 The ill effect on the left ventricle is through the increase in pressure during late systole, which causes an increase in myocardial oxygen requirements. Bramwell and Hill 1 first showed that LV oxygen requirements are closely related to the area under the systolic portion of the pressure wave (i.e., systolic tension-time index (TTI)) but not to cardiac output; this was confirmed subsequently by Sarnoff 4 and Braunwald. 5 We sought, in this study, to extract that component of systolic TTI which is attributable to wave reflection, and late-systolic pressure augmentation. In hypertension, central elastic arteries stiffen, causing increased pulse wave velocity (PWV e ) and early return of reflected pressure waves from the periphery to the heart during the systole. 6, 7 Arterial wave reflection during the systole augments central ascending aortic blood pressure (BP), 3, 8, 9 producing an extra workload that the left ventricle must generate during ejection to overcome the augmented pressure. 10, 11 However, this extra force or effort is wasted, because it does not contribute positively to ejection of blood or the peripheral articles Cardiac Hypertrophy and Wasted Effort circulation. Such wasted LV effort (∆E w ) depends not only on the amplitude of central aortic pressure augmentation but also on systolic duration, and therefore is assumed to be a marker of myocardial oxygen demand and LV pulsatile afterload enhanced by wave reflection. 3, [8] [9] [10] [11] Results from previous studies, including the large Second National Health and Nutrition Examination Survey and Framingham Heart Study, have shown that the presence of LV hypertrophy (LVH) is a strong predictor of future cardiovascular events and mortality. 12-14 Development of LVH, or increased LV mass, is generally attributed to prolonged elevated components of LV afterload. 3 Previous studies in experimental animals and humans demonstrated a positive correlation between LV mass and arterial stiffness, [15] [16] [17] [18] including central and peripheral arterial pressure wave morphology as indicated by the arterial augmentation index. [19] [20] [21] [22] [23] Although these results indirectly suggest an important effect of arterial stiffness and peripheral wave reflection, it remains to be seen whether the primary stimulus to LVH development, i.e., the extra LV effort due to wave reflection, is actually related to LV structure in hypertension.
Therefore, the purpose of this study was (i) to examine the associated factors of ∆E w and (ii) to investigate the direct association between ∆E w and LVH in patients with untreated hypertension.
METhOdS

Subjects.
Consecutive, untreated patients with hypertension, who were seen at Kojinkai Central Clinic (Sendai, Japan), were enrolled in this study. The diagnosis of hypertension was made on the basis of two measures of screening systolic BP of ≥140 mm Hg and/or diastolic BP of ≥90 mm Hg, which was determined using an automatic cuff-oscillometric device (BP-203i, Colin Medical, Komaki, Japan). None of the subjects had secondary hypertension, renal insufficiency (serum creatinine >1.5 mg/dl), overt major heart disease (angina pectoris, myocardial infarction, valvular heart disease, or heart failure) or stroke. Patients taking vasoactive drugs were excluded from the study. The study protocol was approved by the local institutional review board, and all of the subjects gave informed consent before participation.
In all subjects, venous blood samples were drawn to determine total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and fasting blood glucose. Diabetes mellitus was defined by a fasting glucose concentration ≥126 mg/dl or by a subject undergoing antidiabetic drug treatment, and hypercholesterolemia was defined by a total cholesterol ≥240 mg/dl or by a subject undergoing treatment with a cholesterol-lowering drug.
Pulse wave analysis. All measurements described below were taken in a quiet room under a constant temperature. Brachial BP was first measured twice while seated after a 5-min rest period, using an automatic cuff-oscillometric device (HEM-907, Omron Health Care, Kyoto, Japan). Then, the radial artery pulse wave was recorded non-invasively by using an automated applanation tono metry (HEM-9000AI or HEM-9010AI, Omron Health Care), as described previously. 21, 24 The pressure signals were digitized at 500 Hz, and converted offline to 128-Hz data by linear interpolation. The data were processed by a SphygmoCor pulse wave analysis system (version 7.1, AtCor Medical, Sydney, Australia) with a validated generalized transfer function to produce the central aortic pressure waveform. [24] [25] [26] [27] The average of two readings of brachial BP was used to calibrate the central aortic BP. Aortic augmented pressure (AG) was calculated as the difference between the early and late-systolic peaks (P s −P i , Figure 1 ) of the synthesized aortic pressure waveform, and aortic augmentation index (AI a ) as the ratio of AG to aortic pulse pressure (PP). 3 The round-trip travel time (Tr) of the pressure wave from the heart to the periphery and back was determined as the time from the initial upstroke of the pressure wave to the inflection point (or the upstroke of the reflected wave). 3 Systolic duration of the reflected wave (ED−Tr) was measured as the time from the upstroke of the reflected wave to the incisura (or dicrotic notch) of the pressure wave. According to previous studies, 10, 11 ∆E w was estimated as one half of the area of an ellipse, i.e., ∆E w = AG(ED−Tr)π/2.
PWV e measurement.
Using an automatic device (FCP-4731, Fukuda Denshi, Tokyo, Japan), carotid-femoral PWV e was measured with the subject in the supine position. Details of the measurement have been reported previously. 21, 24, 28 Echocardiography. Two-dimensional M-mode echocardiography was performed using a Prosound SSD-550 with a 3-MHz transducer (Aloka, Tokyo, Japan). All subjects were studied in a 30° anterior oblique position. Tracings used to determine LV dimensions were recorded at or just below the tip of the mitral valve leaflets, with the transducer placed in the 3rd to 5th inter-
Figure 1 | Aortic pressure wave synthesized from the measured radial artery pressure wave (applanation tonometry) using a generalized transfer function. P s is peak systolic pressure, P i is an inflection point that indicates the beginning upstroke of the reflected pressure wave and P d is minimum diastolic pressure. Tr is the round trip travel time of the forward (or incident) wave from the ascending aorta to the major reflecting site and back and (ED − Tr) is the systolic duration of the reflected pressure wave; ED is left ventricular ejection duration. Pulse pressure (PP) is (P s − P d ) = (P i − P d ) + (P s − P i ); (P i − P d ) is incident wave amplitude and (P s −P i ) is reflected wave amplitude or aortic augmented pressure (AG). Aortic augmentation index (AI a ) = AG/PP and wasted LV effort (∆E w ) = 2.09 AG (ED − Tr), which is estimated as the area of a half ellipse (shaded area). where LVIDd is the LV internal dimension, IVST, the interventricular septal thickness, and PWT is the LV posterior wall thickness, at end-diastole. The LV mass index (LVMI) was derived from the LV mass divided by the body surface area. The cut-off values for LVH were defined as 125 g/m 2 for men and 110 g/m 2 for women. 26 Ejection fraction, fractional shortening, and cardiac output were also calculated. Operators were blinded to BP and other LV load parameters.
Statistical analysis. All statistical analysis was performed using SPSS software (version 13.0, Chicago, IL). ∆E w showed a skewed distribution, and it was normalized by logarithmic transformation for statistical testing. Univariate correlation between ∆E w and various parameters was evaluated as Pearson's correlation coefficients. Independent determinants of ∆E w were then determined by multivariate linear regression analysis, using the variables that were found to be significantly related to ∆E w on univariate analysis. Comparisons between the group of subjects with LVH (LVH (+) group) and the group of subjects without LVH (LVH (-) group) were made by using two-tailed unpaired t-test and χ 2 -test for continuous and categorical variables, respectively. The difference in ∆E w was examined further by analysis of covariance using age and mean arterial pressure as covariates. Data are expressed as means ± s.d. or per cent. Differences at P < 0.05 were considered statistically significant.
RESulTS
Subject characteristics
Subjects were 98 hypertensive patients (66 men and 32 women) with a mean age of 55 ± 9 years (range, 27-75 years), not receiving antihypertensive medication. Table 1 shows the clinical characteristics of the subjects at entry. The average brachial systolic and diastolic BPs were 159 ± 18 mm Hg and 96 ± 11 mm Hg, respectively. There were 38 current smokers. Of the 98 patients, 9 were diagnosed with diabetes (2 of the 9 were being treated with antidiabetic drugs), and 23 with hypercholesterolemia (9 of the 23 were being treated with statins).
Associated factors of wasted effort
On univariate analysis, ∆E w was correlated positively with age (r = 0.35, P < 0.001) and negatively with body height (r = −0.32, P = 0.001). ∆E w was unrelated to BMI or biochemical parameters (total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol and fasting blood glucose). ∆E w was greater in women (81 ± 49 ×10 2 dyne s cm −2 ) than men (54 ± 33 ×10 2 dyne s cm −2 , P = 0.01) and was not associated with smoking, diabetes or hypercholesterolemia. There was a significant positive correlation between ∆E w and LVMI (r = 0.28, P = 0.006). On multivariate analysis, the correlation between ∆E w and LVMI was found to be independent of age, gender, and body height (partial r = 0.28, P = 0.003, Table 2 ).
Comparison between lVh (+) and lVh (−) groups
Comparison of subject characteristics between LVH (+) and LVH (−) groups are shown in Table 1 . Of the total 98 subjects, 46 were included in the LVH (+) group, and 52 in the LVH (−) group. The LVH (+) group had a significantly greater body mass index than the LVH (−) group (P = 0.005). There were no other significant differences in clinical characteristics, including age, gender, screening brachial BPs, heart rate, biochemical parameters, and prevalence of smokers, diabetes, and hyper cholesterolemia, although the systolic BP tended to be higher, and the heart rate tended to be lower, in the LVH (+) group. Table 3 shows echocardiographic findings. As defined, LV mass and LVMI were greater in the LVH (+) group (P < 0.001).
Both LV systolic function (ejection fraction and fractional shortening) and cardiac output were similar between the two groups.
Compared with the LVH (−) group, the LVH (+) group showed a markedly higher ∆E w (P = 0.003, Figure 2 ). The analysis of covariance using age and aortic diastolic pressure as covariates revealed that ∆E w was still significantly greater in the LVH (+) group even when adjusted for these confounding factors (P = 0.007). Also, there were significant group differences in AI a (Figure 2 , P = 0.01), AG (21 ± 9 mm Hg for the LVH (+) group vs. 15 ± 7 mm Hg for the LVH (−) group, P < 0.001), aortic systolic pressure (Figure 2 , P < 0.001) and pulse pressure (57 ± 16 mm Hg vs. 46 ± 10 mm Hg, P < 0.001). By contrast, carotid-femoral PWV e was not different between the groups (P = 0.21, Figure 2) ; however, there was a tendency for a higher PWV e in the LVH(+) group. Only a marginal difference (P = 0.07) was found in the round-trip travel time of the pressure wave from the ascending aorta to the major reflecting sites and back (Tr).
diSCuSSiON
This study describes for the first time the association between wasted LV force (or effort) generation and LVH in untreated hypertensive patients. Wasted LV effort was calculated noninvasively from central aortic pressure waveforms generated by the technique of pulse wave analysis. Our main novel findings were (i) that the associated factors of ∆E w include age, gender, body height and LVMI, (ii) that ∆E w is related to LVMI independent of the confounding factors, and (iii) that ∆E w and AI a , but not PWV e or pulse wave travel time (Tr), are directly associated with LVH in the present hypertensive patient population. These data indicate that increased ∆E w resulting from enhanced wave reflection (amplitude and duration) contributes to LVH development, and also that pulse wave analysis provides a simple and useful non-invasive method for assessing such LV overload that cannot be evaluated by conventional cuff pressure alone.
Prolonged increase in LV afterload has been considered primarily responsible for LVH development in hypertension. [15] [16] [17] [18] [19] [20] [21] [22] [23] LV afterload has both steady and pulsatile components, and the pulsatile component depends on LV ejection dynamics, central arterial properties and peripheral wave reflections. 3 The pulsatile pressure generated by the ventricle in response to the reflected wave approximates the central AG. Some previous studies, [19] [20] [21] [22] using arterial augmentation index, have suggested that the amplitude of the augmented pressure is related to LV mass, which was confirmed by this study showing significant associations of AG and AI a with LVH. However, these findings provide only indirect evidence regarding the clinical significance of wave reflection, because the true effect of wave reflection on LV load is determined not only by the amplitude of the augmented pressure but also by its systolic duration. 10, 11 This study is the first to consider both factors (amplitude and duration) and to demonstrate a direct contribution of the resultant LV wasted effort (∆E w ) to LVH.
It is of particular note in this study that, despite having no association with aortic PWV e or pressure wave travel time (Tr), LVH is still related to an increased ∆E w . The amplitude and There were significant differences in wasted effort (52 ± 33 × 10 2 dyne s cm −2 vs. 77 ± 45 × 10 2 dyne s cm −2 , P = 0.003), AI a (30 ± 9 % vs. 35 ± 8 %, P = 0.01) and aortic systolic blood pressure (SBP a , 138 ± 16 mm Hg vs. 152 ± 18 mm Hg, P < 0.001), whereas no difference was found in Tr (137 ± 11 ms vs. 134 ± 7 ms, P = 0.07) or aortic PWV e (8.8 ± 1.3 m/s vs. 9.1 ± 1.4 m/s, P = 0.21). AI a , aortic augmentation index; LVH, left ventricular hypertrophy; PWV e , elastic artery (carotid-femoral) pulse wave velocity.
articles Cardiac Hypertrophy and Wasted Effort systolic duration of the reflected pressure wave depend on peripheral arterial properties as well as on central ones. 3 Therefore, these results indicate that elevated peripheral small arterial/ arteriolar tone may play a pivotal role in increasing pulsatile LV load and thus developing LVH in hypertensive patients. This study is not completely in line with our earlier assumption that central arterial stiffening and resultant decrease in Tr (i.e., early return of the reflected wave) is the principal contributor to LVH. 18, 22 The reason for difference in results is unclear, but a possible explanation is that in the present study patients were relatively young (with a mean age of 55 years), free of major cardiovascular complications (only LVH, if any), and as yet untreated for mild hypertension. For such patients, structural sclerotic change might be only minimal in the central arteries (as shown by a mean PWV e value of 9.0 m/s), whereas functional tonus change may be substantially present in small muscular arteries and arterioles. In fact, previous studies have shown that such functional change in the peripheral arteries can increase the magnitude of wave reflection without altering its timing or PWV e , 3, 31 and may thereby enhance LV load.
There are some obvious limitations to this study. First, on account of the cross-sectional nature of this study, it does not allow us to establish a definite causal relationship between ∆E w and LVH. To confirm this, a prospective cohort study is required. Second, the observed findings might be applicable only to untreated, relatively mild hypertension. To generalize this observation, a larger study should be conducted to examine different subjects of various ages, BP levels, and with various treatment mehods. Finally, ∆E w was approximated as the area of a half ellipse in this study. More precise assessment might be made by separating the reflected wave alone from the pressure wave. 32 In conclusion, wasted LV effort was closely and positively associated with LVH in untreated hypertension. Pulse wave analysis is a non-invasive and useful method for evaluating such wasted effort, which is novel information that conventional BP measurement is incapable of providing.
